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Neptunyl NpO,»+ complexes on the surface of goethite a.-(FeOOH) resulted from the
interaction of neptunyl nitrate (NpO,NOj3, 10-¢ M) in the aqueous media with the
background electrolyte (NaClO,) of ionic force 0.1 M (pH = 7.0 £ 0.2) were formed
and studied with the X-ray photoelectron spectroscopy. The X-ray photoelectron spec-
troscopy ionic and elemental quantitative analysis of the goethite and products of its
interaction with neptunyl and plutonyl nitrates was carried out. It was established that
during the studied neptunyl nitrate - goethite interaction Np#+ and Np®*+ compounds
did not to form, while the complexes of neptunyl group NpO, !+ containing Np5+ ions
with oxygen, water and/or carbonate ions in the equatorial planes did.
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INTRODUCTION

Determination of physical and chemical states
of radionuclides in the environment is one of the
critical problems in the radioecology [1, 2]. It will
help understand radionuclide absorption and
migration mechanisms for development of
technology of radioactive waste fixation, compact-
ing, and disposal. X-ray photoelectron spectroscopy
has proved to be the most adequate method for
determination of radionuclide physical and
chemical states [2]. This work conducted the X-ray
photoelectron  spectroscopy  (XPS) study of
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goethite (a-FeOOH) and products of its
interaction with neptunyl and plutonyl nitrates in
aqueous media in order to understand the sorption
and interface (natural water — mineral) interaction.

Migration  behaviour of radionuclides
depends on their physical and chemical states in the
environment [1]. The processes on the border
mineral-environment like oxidation-reduction,
sorption and complex formation in many respects
determine the radionuclides mobility. Neptunium
in the environment presents basically as neptunyl
NpO,™*. Since it has a low charge, it is relatively
chemically inactive. Under the environment
influence this ion can transit into one of Np** or
Np(VI)O,2* forms [3].

Goethite (o-FeOOH) is a prevalent natural
mineral of high sorption ability to heavy metal ions
and radionuclides. The present work studied the
sorption mechanisms and Np(V)O,* complexes on
the surfaces of this mineral with the liquid-liquid
extraction and X-ray photoclectron spectroscopy
methods. The liquid-liquid extraction can separate
neptunium ions of different oxidation states. XPS is
the most adequate method for determination of
radionuclide physical and chemical states. Earlier
this method was used for the study of Cré*— Cr3*
reduction on goethite surface [4], which was
explained by the presence of Fe?™ traces, as well as
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for the study of uranyl interaction with hydroxyl-
and fluorine-apatite in aqueous media [5].

EXPERIMENTAL

The goethite sample o.-FeOOH (Sample I)
was synthesized from Fe(NOj3); by the technique
described in [6]: 50 g of Fe(NOjz);-9H,0 were
solved in 825 ml of twice-distilled water and added
to 200 ml of 2.5 M solution of KOH. The solution
was mixed during 24 hours at 60 °C. The residuum
was several times washed in twice-distilled water
and acetone and dried at 40 °C during 2 days. For
sorption experiments, suspension of a-FeOOH
was prepared.

Sample II was prepared from goethite
o-FeOOH suspension (Sample I of the known con-
centration (0.0374 g, which corresponded to
1.6-10'8 nm? of the free surface and 5.2 -10° M of
sorption centers) in the centrifuge test-tube. After this
the background electrolyte (NaClO,) of the ionic
force 0.1 M was added. Then the standard 23’Np°*
solution (NpO,NO; -nH,0) was added so that the
total concentration was about 10® M. The solution
was keptat pH = 7.0 £ 0.2 and constantly mixed dur-
ing several days in nitrogen atmosphere. The parent
solution was separated by a centrifuge at about 100
rotations per second. After the sorption, the aliquot of
the parent solution was collected. The sorption degree
and neptunium distribution in the parent solution was
determined by chemical methods described in [3]
(method of liquid extraction). The saturation was
done several times. The extraction of neptunium
showed the presence of only 2”Np>*. A 30% satura-
tion of goethite surface was reached. It corresponded
to about 1.53-107° M of 2”Np°*. The same sorption
experiment was done 3 times. After the sorption and
separation from the parent solution, the samples were
dried in the vacuum for 30-35 hours. A similar tech-
nique was employed for preparation of Sample III,
where plutonium (3*2Pu®*) in form of PuO,NOz
-nH,O was used. Despite the fact that the spectrome-
ter sensitivity did not allow to detect the Pu4f XPS
peak, the present work gives the characteristic of the
sample surface and evaluates the possible plutonium
contents. These data also enables to evaluate the errors
of the XPS measurements.

XPS spectra of the studied solid-state samples
were taken with an MK II VG Scientific spectrometer
at~1.3-1077 Pa at a room temperature. Overall resolu-
tion measured as the Au4f;, electron line full width at
half maximum was better than 1.2 eV, Electron binding
energies (Ey,) are given relative to that of the Cls elec-
trons from adventitious hydrocarbons at the sample
surface defined as 285.0 eV. The error in determination
of E, was 0.1 eV, and that of line intensities — 10% [7].
Samples for the XPS studies were prepared as thick lay-

ers of ultradispersed but not ground powders on the
adhesive tape attached to the titanium substrates.

For all samples the quantitative elemental
analysis was carried out using the following ratio:
ni/n; = (8i/S;)(ki/k;), where n;/n; is the relative
concentration of considered atoms, §;/S; is the rel-
ative intensity of the core electron lines of these at-
oms, and kj/k; is an experimental sensitivity coefti-
cient. The present work used the following
coefficients: 1.00 (Cls), 2.8 (Ols), 8.0
(Fe2p3)2), 0.55 (Fe3s),9.20 (Nals), 2.92 (Cl2p),
40.0 (Np4f;/,),44.0 (Pudt; /) [8]. The sensitivity
coefticients for neptunium and plutonium were
obtained by extrapolation of the corresponding
coefficients for thorium and uranium [8]. For
neptunium this value within the 20% error agrees
with k;(Np4f;,) = 49.2 tor Cs;NpO,Cly single
crystal [7]. XPS spectra from some neptunium
compounds were used for interpretation of those
trom the studied Samples II and III (tab. 1).

RESULTS AND DISCUSSION

The technique of determination of physical
and chemical states of radionuclides in the environ-
ment used in this work is based on the traditional
XPS parameters (core electron binding energies and
line intensities) and fine spectral structure parame-
ters such as: relative intensities of the Fe3d and
Npb5felectrons weakly participating in the chemical
bond, relative binding energies of the outer
(OVMO) and inner (IVMO) valence molecular
orbitals, multiplet splitting AE s [eV] of the core
levels, dynamic effect related fine spectral structure
parameters, relative binding energies of shake-up
satellites AE,, [eV] [7, 10]. These spectral data pro-
vide the important information about physical and
chemical states of iron and actinides on the surface
of the studied samples.

Low binding energy spectral range. Valence band
of goethite a.-FeOOH (Sample I) lies in the binding
energy range 0-40 eV and consists of the OVMO
(0-15 eV) and IVMO (15-40 V) lines (fig. 1a). The
peakin the O2s binding energy range is relatively wide
['(O2s) = 4.4 eV, while the structured Ols peak is
only 2.6 ¢V wide. This evidences that the O2s atomic
orbital (AO) participate in the formation of molecular
orbitals (MO). Indeed, the uncertainty ratio AEAT ~
h/2n, where AE — full width at half maximum of the
level from which an electron was removed, Ar —
lifetime of the hole and h — Plank’s constant, gives that
if the O2s level had been atomic, it would have been
narrower than the OlIs one. However, the
experimental data contradict it. Therefore, the O2s
level is not atomic, it is MO related.

Valence band of goethite a.-FeOOH is mainly
due to the MOs from the Fe3d,4s and O2s,2p elec-
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Table 1. Neptunium oxidation states (Np"+) and electron binding energies (Eyp, ¢V) for Samples I, II, III, and

neptunium compounds [7]

Sample(2) Np'* MO Fe2pz01®) Fe3s Np4t7n50 Ols Cls
6.9 229|711.6(719.8)| 936 530.3  531.5|285.0
S_;?SI&I{) 725.1 (733.4)| 101.0 288.6
(o (743.3)
7119 (720.2)| 942 |403.6 4152|5305 531.5|285.0
5+
peommple I | NPT 7L 23709555 (733.4) | 1012 533.1 288.3
(a-Fe P (743.1)
64 23.4|712.0(7202)| 945 530.4 285.0
Sample 11T
725.5 (733.4)| 1015 531.7 289.0
(a-FcOOH + Pun+) £ 43_()() ) 2237
NpO, Np#+ 4025 4143 529.7 2845
. Np5+ |29 (Np5f) 403.6 4153|5315 285.0
RbNpO;,(NO3z),-2H,0 54 270 5335
Np5+  |2.3 (Np5f) 403.0 4146|5315 285.0
CsoNpO2(CH3C00); | P77 12 (NP2 288.3
NpS+  |2.5 (Np5f) 403.4 4152|5316 285.0
Cs3NpO2Cly 49 262
NpS+  |3.3 (Np5f) 404.6 4164|5319 285.0
Cs2NpO2Cly 53 258
NpS+ |34 (Np5f) 4052 417.0|532.0 285.0
NaNpO,(CH3C00); 59 242 288.8
26.0

@ Samples I, II, and III were prepared on the adhesive tape, the other samples — in indium

® Satellite binding energies are given in parenthesis
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Figure 1. XPS spectra of the low binding energy
clectrons from: (a) - goethite a-FeOOH (Sample I),
(b) - product of interaction of goethite with
NpO,NOj; in aqueous media (Sample IT)

tronic levels of the neighboring iron and oxygen. The
OVMO structure is mainly due to the Fe3d,4s — O2p
interaction, while the IVMO structure — Fe3p,3d,4s —
O2s interaction [9]. Since iron electronic configura-
tion is {Ar}3d®4s?, where {Ar} — argon electronic
configuration, and the Fe3d photoemission cross-sec-
tion is much higher than the O2p one [11], the
OVMO intensity is expected to come from the Fe3d®
electrons of the basic Fe?* state (fig. 1a). Unfortu-
nately; this spectrum does not allow a correct quantita-
tive evaluation of the Fe3d intensity and the number
of the Fe3d electrons. The low intense structure at
12-14 eV can be attributed to the MO electrons of the
carbonate COz>"-group [9].

The low binding energy spectra from product of
goethite-neptunium interaction (Sample II) exhibit
some changes due to the surface changes under the in-
fluence of the solution (fig. 1b). In this case the Np5f
peak is expected at £y, = 2.5 e¢V. The intensity (area) of
this peak is proportional to the number of the Np5f
clectrons weakly participating in the chemical bond,
and quantitatively characterizes neptunium oxidation
state in compounds. Unfortunately, this peak is feebly
visible due to the low neptunium concentration. The
low intense Na2p peak is observed at Ey, = 32.2 eV.
Going from Sample I to Samples ITand I, a shoulder
at the lower binding energy side at 5 ¢V becomes
more distinctive. For Sample IT unlike for Sample I1I,
a certain widening of the line in the O2s range was ob-
served.
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Core electron spectral range. The sample surface
can contain absorbed hydrocarbon, oxygen and water
molecules. The available surface cleaning was not used
in this work to avoid sample destruction. The Cls spec-
trum of Sample I (a-FeOOH) consists of the basic
peak at £y, = 285.0 ¢V (saturated hydrocarbons),
which is the reference peak used for calibration, a peak
at Ey, = 288.6 ¢V (CO3?" group) and a peak at Ey, =
= 2754 eV due to AlK,; 4 satellites (fig. 2a). These
satellites are located on the lower binding energy side
from the basic lines at 9.8 eV (7.33%) and 11.9 eV
(3.66%) for AIK,,z and AlKOA respectively, the relative
satellite intensities are given in parenthesis [12]. For
Sample IT (a-FeOOH + NpO,NOj3) low intense extra
lines at £, = 279.1 eV and E;, = 282.8 ¢V are ob-
served. They can be partially attributed to the NpSp;
related structure due to the dynamic effect [7]. In this
case, the dynamic effect can be considered as a phe-
nomenon resulting in the extra two-hole state
(Np5p°5d85f1+1) in addition to the basic one-hole
state (Np5p°5d!95f") due to the gigantic Koster-
-Cronig electronic transitions between the core and
outer levels [7]. It leads to the complex fine structure in
the Np5p spectrum in the binding energy range
275-285 ¢V (fig. 2b).

(@)
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300 295 290 285 280 275 270 265
Binding energy [eV]

,' Np5p 172
l SatA-qu3=4
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Binding energy [eV]

Figure 2. Cls XPS spectra from: (a) - goethite
o-FeOOH (Sample I), (b) - product of interaction of
gocethite with NpO,NOj; in aqueous media (Sample IT)

The Ols spectrum from Sample I consists of a
widened [I'(Ols)=2.6 eV] peak at Ej, = 530.9 eV.
This peak can be decomposed into the two compo-
nents of about the same intensities (fig. 3a). The peak
at £, = 530.3 eV can be attributed to oxide, and the
one at £y, = 531.5 eV - to hydroxide. It agrees with
the corresponding binding energies 530.1 ¢V and
531.8 eV for a-FeOOH [12]. During the interaction
of goethite with NpO,NOj in the water media, a re-
distribution of oxygen states on the surface was ob-
served (fig. 3b). An extra water related peak E}, =
= 533.1 eV appears. A similar, although significantly
less intense, extra peak was observed also for Sample
IIT with very low plutonium contents (formula III).
While contents of the two main oxygen ion types in
Sample I and IIT are about the same, the oxide-related
oxygen in Sample II shows a tendency to decrease
(formulas I-IIT). One of the reasons for the decrease of
intensity at £, = 530.5 eV can be, for example, the
changes in the sample surface under the influence of
the solution.

Despite the surface contamination with hydro-
carbons, the core electron peaks are observed intense.
The mathematical processing of the Fe2p spectra
shows that these spectra are structured and can not be

Intensity [in arbitrary units]

T o T X T = T
540 535 530 525
Binding energy [eV]

Intensity [in arbitrary units]

T T T
540 535 530 525
Binding energy [eV]

Figure 3. Ols XPS spectra from: (a) - goethite
a-FeOOH (Sample I), (b) - product of interaction of
goethite with NpO,NO; in aqueous media (Sample
I0).
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decomposed in the separate components correctly be-
cause the Fe2p spectra exhibit with the high probabil-
ity both multiplet splitting due to the presence of the
uncoupled Fe3d?® electrons in the ground state and the
shake up satellites due to the extra excitations of elec-
trons within the valence MOs during the Fe2p
photoemission [10, 12].

The Fe2pz, binding energy (Sample I) of
711.6 eV is slightly higher than the corresponding
value 711.0 eV for a-FeOOH given in [12]. The
spin-orbit splitting from this spectrum is AEg =
= 13.5 eV and comparable with AEy =13.2 eV for
metallic iron [13]. On the higher binding energy
side from the basic peaks the typical satellites at
AE = 8.2eVand AE,, = 18.2 eV (fig. 4a, tab.)
are observed. Going to the spectra from Samples 11
and I11, a shift (AE, = 0.3 eV and AE, = 0.4 ¢V re-
spectively) of the Fe2p;/, peak toward the higher
binding energy and some changes in the spectral
structure are observed (fig. 4b, tab.1). This shift can
be due to the changes in iron oxidation state under
the influence of the solution.

The Fe3s spectrum from goethite o-FeOOH
(Sample I) instead of a single sharp peak shows a
complex fine structure (fig. 5a). With the high
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Figure 4. Fe2p XPS spectra from: (a) - goethite
o-FeOOH (Sample I), (b) - product of interaction of
goethite with NpO,NOj in aqueous media (Sample
II)

probability this spectrum shows the multiplet split-
ting of AE,,, = 7.4 eV. This splitting is proportional
to 28 + 1, where S — total spin of the ion, or to the
number of the uncoupled Fe3d® electrons [10, 12].
The intensity ratio of the doublet has to be 1,/I, =
= (§+ 1)/S,i. e. 7/5, which agrees with the experi-
mental value. In reality, the structure of this spec-
trum is more complex. Since the condition
E(Fe3s) =~ 2E,(Fe3p) is satisfied, there is a certain
probability of an extra state after the photoemission
of the Fe3s electron (dynamic effect [10, 12, 14]). It
results in formation of the Fe3* final states like:
Fe3s'3p®3d® (one-hole state) and Fe3s?3p*3d° (ex-
tra two-hole state). It can complicate significantly
the spectra, which increases the error of the
multiplet splitting measurement. As an example of
the possible structure, the present work gives the
decomposition of this spectrum (fig. 5a). Since the
dynamic effect has a resonance nature, as it was
shown for barium compounds [14], the dynamic ef-
tect related structure can depend on the nature and
location of ligand ions around iron. Despite this,
the Fe3s spectrum enables to measure the multiplet
splitting and determine the number of the uncou-
pled electrons with a reasonable error. This splitting
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Figure 5. Fe3s XPS spectra from: (a) - goethite
a-FeOOH (Sample I), (b) - product of interaction of
goethite with NpO,NOj; in aqueous media (Sample
).
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tor Samples IT and III was measured to be AE ,,; =
= 7.0eV (fig. 5b, tab.1). The difference in the spec-
tral structures of Samples I and II can be attributed
to a certain change in iron surrounding on the sur-
face under the influence of the solution (fig. 5). In
ionic approximation this spectral structure shows
that Fe®* ions present on the sample surfaces.

The Np4f spectrum consists of the spin-orbit
doublet (AEy = 11.6 €V) of relatively sharp peaks (fig.
6a). The binding energy E,(Np4t;,) = 403.6 €V is
closer to those 403.4 ¢V and 403.6 ¢V in Cs3NpO,Cly
and RbNpO,(NO3),2H,O containing Np®* ions
(tab. 1). The Nals peak is observed at E(Nals) =
= 1073.1 eV (Sample II), while the CI2p one of per-
chlorate group ClO,4!~ and the Nls one of NOz!-
group are nor detected (i. e. Cl and N concentrations
are less than 1 at.%). At E,(Cl2p3)) = 199.6 eV (Sam-
ple IT) a low intense CI2p peak was observed. It can be
attributed to NaCl (formula IT). The Pu4f;, binding
energy and spin-orbit splitting are Ey(Pudt;;,) =
=428.7 eV and AEy(Pudf;p) = 12.5 eV for
Cs,PuO,Cly single crystal. However, the spectrum
from Sample IIT in this binding energy range does not
show this doublet (fig. 6b), which indicates insufficient
(undetectable by XPS) plutonium contents. On the ba-
sis of this data the upper border of plutonium concen-
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Figure 6. An4f XPS spectra from the product of in-
teraction of goethite with AnO,NOj; in aqueous me-
dia: (a) - Np4f (Sample II), (b) — Pu4f (Sample IIT)

tration on the surface of Sample IIT was evaluated (for-
mula IIT).

Results of the quantitative analysis. The error in de-
termination of quantitative elemental and ionic com-
positions of the studied samples (Samples I, II, IIT)
grows because of the complex spectral structure due to
the multiplet splitting and secondary electronic pro-
cesses (many-body perturbation and dynamic effect)
and can exceed 10%. Since many-body perturbation
results in the shake up satellites on the higher binding
energy side from the basic peaks, the satellite intensities
can be partially taken into account (fig. 4). However, it
is difficult to take into account the dynamic effect re-
lated decrease of intensity. But the dynamic effect does
not influence significantly on the considered spectra.
Since the Fe2p spectrum is complicated, the present
work used the Fe3s peak for the quantitative analysis.
The sample surfaces were found to have the following
compositions relative to one iron ion:

(Sample I)
Fe; 000" 12(0)O", 1,(OHM)Cly 23(CH; ) Cly 04(CO5™)

(Sample II)

Fey 90%0.01(0)O™ o3(OH)OM ,6(H,0)Npy 003
(Np®*)Nag 05Cly 03Cl 25(CH;3-)Cy 93(COz>)

(Sample IIT)

Fe; 000%92(0)O0".95(OH)OM 64 (H,0) Pu <0001
Cly.55(CH3)CM 05(COzY)

where O1(O), O'(OH'"), and O™ (H,0) - oxygen
ions of oxide, hydroxyl group, and water. The ob-
served oxygen excess in Sample I and IT can be par-
tially attributed to oxygen-containing molecules ab-
sorbed on the surface and high measurement error.
Despite the fact that neptunium concentration in
Sample II is about 1/1000 (= 0.1 at.%), the XPS
method allows a reliable determination of neptu-
nium oxidation state (fig. 6a). The interaction of
goethite with neptunylions can be suggested to take
place via hydroxide oxygens of goethite located in
the equatorial plane of NpO,°* ion.

CONCLUSIONS

(1) Neptunyl NpO,"* complexes on the sur-
tace of goethite a.-FeOOH resulted from the inter-
action of neptunyl nitrate NpO,NO; (10° M) in
the aqueous media with the background electrolyte
(NaClOy) of ionic force 0.1 M (pH = 7.2 £ 0.2)
were formed and studied with the X-ray photoelec-
tron spectroscopy.

(2) The XPS ionic and elemental quantitative
analysis of the goethite and products of its interac-
tion with neptunyl and plutonyl nitrates was carried
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out. It was established that during the studied
neptunyl nitrate — goethite interaction Np** and
Np®* compounds did not to form, while the com-
plexes of neptunyl group NpO,* containing Np®*
ions with oxygen, water and/or carbonate ions in
the equatorial planes formed.
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UCIIUTUBAILE UHTEPAKIUJE Np>* CA TETUTOM o-FeOOH METOJ0OM
PEHATEHOM MHAYKOBAHE ®OTOEJIEKTPOHCKE CIIEKTPOCKOIIUJE

Henrynun NpO,"* kommiekcu Ha noppimtn retuta o-(FeOOH), Hacranu u3 uHTEepakuuje
nentynun mutpara (NpO,NO3, 107 M) y BojieHoj cpeunm, ca ocHoBEUM estekTponuToM (NaClOy) jorcke
jaunue 0.1 M (pH = 7.0 = 0.2), 6unn cy HarpabeHn W MCIHTHBAaHUW METOIOM DPEHJI€HOM WHYKOBaHE
¢oToenekTpoHCcKe crekTpockonuje. M3BplieHa je eneMeHTapHa KBAaHTUTATHBHA aHalu3a FeTUTa U
OpOJlyKaTa HEroBe MHTEPAKIMje ca HENTYHUN M INIyTOHWI HUTpaTUMa. YTBPHEHO je fa ce TOKOM
WCIIATUBAKA MHTEPAKIMjEe HENTYHWI HUTPAT — reTut, He rpage Np* m Np®* jemumema. Kommiekcu
uentynun rpyne NpO,'* koju cagipske Np>* joHE ca KMCEOHMKOM, BOJIOM 1/WJTM KAPOOHATHUM jOHUMA, TPaJIe

Ta JedUbEemha Y €KBaTOpUjaIHUM paBHUMA.

Kmwyune peu: Zeitiuttivt, peH0ZeHOM UHOYKOBAHA (POTUOENEKIIPOHCKA CUEKTUPOCKOUUJA, AKTUUHUOU,
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